The paper describes a modelling study of heat transfer and buoyancy-driven airflow in double skin facades consisting of a glass outer layer, a control device (venetian blind) and a double-glazed inner skin. The modelling study was based on two approaches -a component-based, lumped parameter simulation which used a public domain, open source differential/algebraic equation solver and a detailed, CFD calculation which included air flow, conduction, convection and radiation. The primary objective of the work was to compare the performance of the simplified model with the output of a rigorous CFD calculation.
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Multifunctional (double) facades increasingly feature in the design of commercial buildings. These facades generally incorporate a solar control device (usually a venetian blind) within the cavity which affects the transmission of solar gain to the space and also the generation of buoyancy-driven flows within the cavity. Double skin facades can contribute a heat gain in winter, or drive a ventilation air flow when cooling may be required. Whilst there has been considerable research carried out on the performance of such facades (a good summary has been given by Fux 1 ), modelling studies have, in general, not looked in detail at the combination of heat transfer and buoyancy-driven flow. The interaction of heat transfer and fluid flow can be analysed via a detailed CFD model. However, this approach (if done properly) requires a good insight into fluid mechanics, the specification of many parameters, is time-consuming to set up and computationally intensive. It is difficult, using this approach, to make parametric studies as even small changes in, for example, geometry can require a major effort in reworking the input. A nodal network model takes a more aggregated physical approach to the modelling problem. If a suitable simulation environment is available, such models can be set up quickly, need less parameters and will execute faster. The models are also capable, in principle at least, of being integrated into whole-building simulations.
The objective of the present work was to compare the performance of a componentbased model of a double skin facade with a rigorous CFD simulation that combined air flow, conduction, convection and radiation. Further comparison was made with an extensive set of experimental measurements made on a prototype facade which had been tested in a solar simulator.
Modelling Methodology

Approach
The flexibility afforded by adopting a modular simulation approach has been recognised for several decades. Early modular environments included TRNSYS 2 and HVACSIM+ 3 , to which have been added, for example, SPARK 4 , IDA 5 and Matlab/Simulink 6 . The choice of simulation environment is important, as code portability between environments is generally difficult. A notable exception to this is the Neutral Model Format (NMF) 7 which, together with the pioneering ASHRAE NMF Translator, meant that models written in NMF could be run under IDA, TRNSYS and HVACSIM+ environments.
Additional flexibility and functionality is obtained if component models are written in an input/output-free formulation. If a suitable solver is available, this avoids the creation of multiple models of the same component and facilitates the simultaneous solution of fluid flow with thermodynamic equations. In addition, input/output-free modelling copes very effectively where the system information flow network (graph) is highly connected, leading to a significant number of cycles in the system graph. These are sometimes referred to as algebraic loops and can cause numerical difficulties with some programs.
The approach taken in this work was to define a set of individual component models which were used to simulate, in the first instance, the performance of the prototype facade for which experimental test data were available, but which could then easily be reconfigured for any alternative facade design. A key aspect of this approach was the simultaneous solution of the thermal processes and the buoyancy-driven flow in the facade: the former were handled by established calculation procedures taken from the literature, the latter by balancing the buoyancy forces generated by heat transfer to the air in the cavity with the hydraulic resistance to the resulting flow. The problem was formulated as a dynamic model so that in future work control performance could be investigated.
Simulation environment
It was decided to use the open-source simulation environment Octave 8 in this research. The reasons for this decision can be summarised:
the program is freely available on a wide variety of platforms; there is an active developer base which is coordinated by the program originator; it is an interpreted language which facilitates rapid model (function) development; numerically intensive procedures can be compiled from Fortran, C or C++ code and subsequently called as native functions; graphics routines, based on Gnuplot, are callable from within the code; the code has a high compatibility with Matlab.
There is also built-in access to a wide range of open-source numerical libraries, including differential and differential/algebraic (DAE) equation solvers such as LSODE, DASSL and DASPK which permit the use of input/ output-free modelling, greatly facilitating the simultaneous solution of heat transfer and buoyancy-driven flow in the facade. Given the essentially 2D nature of the problem, the facade was discretised vertically, using sections around 600 mm high, thus maintaining compatibility with the experimental data.
Component models
The general arrangement of the prototype model facade, including the key geometrical parameters is shown in Figure 1 .
Transmission/reflection at a glass surface
Reflection from a glass surface was modelled by an empirical equation derived from published data 9 . The approach assumed a constant value of reflectivity up to an angle of incidence () of 408; at higher angles a third-order polynomial was used to compute the transmitted fraction. This function for the glass used in the prototype facade is shown in Figure 2 .
Absorption of radiation by glass pane
Absorption of both forward and backward (reflected) beams in the glass panes was calculated by working out the path length z from the thickness of the pane, the angle of incidence and the refractive index of the glass, then applying the Beer's law relationship
Values for the absorption coefficient used in the nodal model were calculated from the database of the program Window 10 , giving values around 30 m À1 . A maximum of two reflected beams was taken into account.
Nodal energy balance
A temperature node was placed at the centre of each pane of glass. There were thus equal conductances from the node to the glass surfaces. The energy balance (expressed in residual format) for each glass node was
Surface energy balance
A steady-state energy balance was made on a surface temperature node which equated heat transfer to the surface (which could be by conduction from an adjacent material node and/or surface absorption of radiation) with long-wave radiation to visible surfaces and convection to the adjacent air.
Cavity air energy balance
The air in the cavity was treated as well-mixed within a zone defined by the discretised height of the facade section. Separate convective heat transfer coefficients were used to calculate the heat transfer to the air node from the adjacent surfaces.
The calculation of cavity air temperature by the nodal model produces a single bulk temperature for the discretised segment of facade in use: this is in contrast to the CFD model which, of course, provides local temperatures and velocities for each cell.
Transmission by blind
Several researchers have investigated the transmission of solar radiation by venetian blinds, some in considerable detail. A compromise with regard to complexity was needed here, so blind transmission was based on the approach developed by Pfrommer et al. 11 Their model was developed as a suitable algorithm to be incorporated within building energy simulation programs. The transmission was regarded as a 1D process with the following components:
Direct transmission through the gaps between the slats. The net open fraction will vary from 1 when the blind is parallel to the beam, to a value of (1 À (d sin )/x) where d is the width of the blind, x the slat vertical separation and the angle between the beam and the slat.
Specular internal reflection will occur with n internal reflections increasing with the width of the slat and the angle of incidence. In general, the reflected transmittance is given by
where r is the slat reflectance and P the portion reflected for each n. Direct-to-diffuse reflection was calculated using the 'shining factor' method of Ward 12 but the calculation of this component was limited to the first two reflections. Figure 3 shows the total transmission of solar radiation as a function of blind angle for a facade consisting of 12 mm outer glass skin, blind together with a double-glazed inner skin of 6 mm glass panes. The blind had a slat width of 80 mm, slat vertical separation of 72 mm, reflectivity of 0.2 and shining factor of 0.32.
Convective heat transfer coefficients
Separate treatment was made for the convective heat transfer coefficient on the outer and inner surfaces of the facade. The prototype facade was exposed to still air in the laboratory and the Grashof number for this situation was generally 410 8 hence the following equation 13 was used for the outer surfaces:
There have been many papers reporting correlations for natural convection in channels, with both symmetrical and asymmetrical heating of the air. These include Cheng and Muller 14 , Sparrow et al. 15 , Sparrow and Azevedo 16 , Klan 17 , Rohsenow 18 and Bar-Cohen 19 . Clearly, the situation in the prototype facade represents a flow heated on each side, but output from the CFD analysis indicates that the temperature boundary layer at the top of the cavity is thin compared to the cavity width, hence single-sided heating could be regarded as a reasonable basis for the selection of an appropriate correlation. A comparison of the correlations cited above is shown in Figure 4 . The shapes of the curves are broadly similar, but there is a considerable variation in their absolute values. These correlations were coded up as functions to allow changes to the internal heat transfer coefficients to be investigated.
Radiation heat transfer
Radiative heat transfer was linearised by firstly calculating explicitly a radiation coefficient from the surface properties and temperatures, then using this in a linear system equation. This approach was adopted to avoid numerical problems in solving the large set of simultaneous equations. The radiation coefficient was given by
so the radiation heat transfer equation was
The emissivity factor was given by
The view factor F 12 was taken as unity for the facade-environment, elsewhere it was calculated as two parallel planes of area A 1 and A 2 . In the case of a partially-open blind, the projected area of the blind was used.
Air flow
The calculation of the air flow rate is based on the approach of Brinkworth et al. 20 The method solves a 1D loop equation, in which the buoyancy force generated by heat transfer to the air is balanced by the hydraulic (entry, exit and friction) resistance of the channel. The expression used in this work is given below.
This is an implicit formulation as the friction factor is flow rate dependent: the solution was obtained by a local iteration (typically three were needed) rather than by passing the iteration through to the solver. The stratification parameter S was chosen to give an exponential temperature distribution with height. The formula is based on the hydraulic diameter of the cavity: when a blind was present this was treated as two cavities, the hydraulic diameter of each being a function of the blind angle. Clearly this is a significant simplification, since both CFD calculations and experimental observations show that the air flow is complex, with air flow through the blind depending strongly on its angle. Simplifying this situation to a form which could be incorporated into the simplified modelling scheme would be a challenging task which time did not permit investigation.
CFD Simulations
The CFD simulations were carried out using the commercial code CFX5.7.1 21 . The model was assembled in several stages to allow the output to be compared to previous work of other researchers. The stages were:
1. natural convection from a vertical surface 22 ; 2. convective and radiation heat transfer from a window with venetian blind 23 ; 3. natural convection and radiation in a channel with heated wall 13 .
It was found that the viscous sub-layer could not be adequately resolved using the traditional wall function approach: this was overcome using the k-omega model of Wilcox 24 . Initial simulations of a window with venetian blind 25 showed that a 3D representation was necessary to capture all the flow characteristics. However, in order to model accurately the heat transfer through the individual glazing and blind slat elements a very fine mesh was necessary, hence it was not possible to implement this model in 3D due to the limitations of available hardware. Convergence was achieved by first running in steady-state mode and using this result as an initial condition for transient simulation.
The radiation calculation was carried out by the Monte Carlo method. A two-band solar spectrum was used, separated at 2.7 m wavelength. The absorption coefficients for the glass used in the CFD simulations were taken from the work of Safer et al., 26 namely 10 m À1 for the solar band and 3000 m À1 for the thermal band.
Results
Facade without blind
The prototype facade was constructed to be typical of a common design of ventilated facade and had a height of 1.9 m, width 1.28 m and a cavity depth of 0.55 m. Blinds could be suspended at various locations within the cavity. The outer skin was a single pane of armoured 12 mm glass, the inner pane was double-glazed, with each pane consisting of 6 mm glass. Surface temperatures were measured with thermocouples and air temperatures with shielded thermocouples. Air velocities were measured with omnidirectional heated sphere anemometers. All measurements were done with a vertical facade and zero angle of incidence of the solar beam. A D65 solar spectrum of air mass 1.5 was provided by an array of 15 solar simulation lamps. The front of the facade could be exposed to chosen temperatures in the range 10-30 o C. A compartment at the back of the facade offered separatelycontrollable thermal conditions. The dynamic simulation of the facade without blind is shown in Figure 5 for irradiation of 715 W/m 2 together with front and back temperatures of 20 o C. The absorption coefficient for the glass was 10 m À1 and the cavity heat transfer coefficients were calculated from the correlation of Rohsenow. It can be seen that the system has a time constant of about 1 h, and that the highest surface temperature is the cavity-side face of the outer skin of glass.
The temperature distribution across the facade without blind is compared with the experimental results for the above conditions in Figure 6 . The glass absorption coefficient was 30 m À1 taken from the available data for the float glass used in the prototype facade.
It can be seen that the comparison is satisfactory, the temperatures are those prevailing near the top of the facade, the experimental value shown is the average of the five readings taken across the cavity.
The equivalent comparison with CFD output is shown in Figure 7 . The comparison was made under the same conditions as above, excepting that a value for the glass absorption coefficient of 10 m À1 was adopted in accordance with that used in the CFD model. Again, agreement is good although the CFD model predicts a rather higher surface temperature on the 'room' side of the double glazing, suggesting that there is some difference between the two heat transfer calculations at this point.
Facade with blind
The temperature distributions across the facade predicted by the nodal and measured in the solar simulator is shown in Figure 8 and a comparison of the nodal model with the CFD calculations is given by Figure 9 .
Air velocities in the cavity
The prediction of air velocities arising from buoyancy-driven flow is the area where the largest divergencies between the models and the experimental results would be expected, and this proved to be the case. A comparison of the predicted velocities (averaged across the top of the cavity) is given in Table 1 .
The conditions under which this comparison is made are as before. The blind had an emissivity of 0.7, was located mid-cavity (the horizontal location of the blind was found to be fairly insensitive) and the blades were at an angle of 45 o . It is not a simple matter to decide what constitutes good agreement with such weaklydriven flows. It is certainly possible to say that agreement is reasonable in that responses to changes in operating conditions are in line with expected behaviour in all cases, hence both models give credible results. Potential sources of error would include the hydraulic resistance terms in the nodal model are standard engineering pressure drop values, which have been derived mainly for design purposes; room air flows could have affected the anemometer readings, especially at low levels in the facade; the boundary conditions specified in the CFD model may not correspond to the conditions in the laboratory. Figure 10 shows the temperature distribution within the air and glass (here the single pane is on the right-hand side). It can be seen that the temperature boundary layer is still very thin at the top of the cavity, indicating that little mixing has taken place in the horizontal plane. The velocity and temperature fields for the case of cavity with blind are shown in Figures 11 and 12 , respectively. The strong thermal plume originating from the blind can clearly be seen, together with the turbulent flow around the blades.
CFD model output
Sensitivity analysis
One of the benefits of a nodal model is that it affords an opportunity to examine the sensitivity of the solution to parameters which are subject to some uncertainty. This was carried out for the scenario described above with respect to the absorption coefficient of the glass and the convective heat transfer coefficient in the cavity. The film coefficient was varied by linearly scaling the calculated value, in this case from the correlation of Rohsenow. This scaling method is reasonable as Figure 4 shows that all the correlations investigated had similar characteristic shapes. Figure 13 shows the fractional change in heat transfer to the air in the cavity as a result of varying the two stated parameters. It can be seen that the result is more sensitive to choice of glass optical properties than to convective heat transfer. Figure 14 shows the fractional change in mean velocity of the air as a function of the same parameters. Again, it can be seen that the optical properties of the glazing are more influential than the heat transfer coefficient.
Conclusion
Component models have been developed to enable a dynamic nodal network simulation of a double-skin facade to be constructed. The simulation enables the simultaneous solution of both heat transfer and buoyancy-driven flow within the cavity. The models were implemented in the open-source simulation environment Octave and the equation set solved using the differential-algebraic solver DASSL. This semi-empirical approach allows much of the detailed physics of the performance of the facade to be examined, hence it sits between the rigorous field problem formulation of CFD analysis and the empirical approach used in earlier work. The temperatures calculated by the nodal model agreed well with both CFD predictions and with experimentally-determined results. The feasibility has been demonstrated of The output from modelling a prototype facade was compared with that obtained from a CFD analysis which included radiation heat transfer. This showed that, in the case of global rather than spatially-resolved quantities, generally good agreement between the two modelling approaches was obtained. It can be concluded that useful results could be obtained from the nodal network approach. Its inherent simplicity, modest input data requirements, together with low computational demands, means that it could be developed into a tool useable by designers. 
